To better elucidate epigenetic mechanisms that correlate with the dynamic gene expression program observed upon T-cell differentiation, we investigated the genomic landscape of histone modifications in naive and memory CD8 1 T cells. Using a ChIP-Seq approach coupled with global gene expression profiling, we generated genome-wide histone H3 lysine 4 (H3K4me3) and H3 lysine 27 (H3K27me3) trimethylation maps in naive, T memory stem cells, central memory cells, and effector memory cells in order to gain insight into how histone architecture is remodeled during T cell differentiation. We show that H3K4me3 histone modifications are associated with activation of genes, while H3K27me3 is negatively correlated with gene expression at canonical loci and enhancers associated with T-cell metabolism, effector function, and memory. Our results also reveal histone modifications and gene expression signatures that distinguish the recently identified T memory stem cells from other CD8
INTRODUCTION
A naïve T lymphocyte is the smallest unit from which an adaptive cellular immune response can give rise to diverse progeny that collectively provide protection against acute infection and establish long-lasting immunologic memory. 1 The diverse progeny of a single naïve T cell display unique phenotypic and functional attributes that distinguish numerous T-cell subsets including short-lived effectors and long-lived memory T cells. [2] [3] [4] Reminiscent of hematopoietic stem cells that can self-renew and replenish all blood cell types, [5] [6] [7] there is increasing evidence for a stem cell-like memory precursor in T cells. The T memory stem cell (T SCM ) was recently identified in mice, nonhuman primates, and humans. [8] [9] [10] [11] T SCM are characterized by a naïve-like phenotype in conjunction with the expression of the memory markers interleukin-2 receptor b (IL2Rb) and chemokine CXC receptor (CXCR)3. 8 Functionally, T SCM cells maintain robust replicative capacity and are multipotent in their ability to give rise to cytolytic effector and memory progeny.
Elucidating the mechanisms by which a naïve T cell can give rise to a multiplicity of cellular states is critical for understanding the ontogeny of antigen-experienced T cells and the formation of immunological memory. While much of the diversity of cell subsets in a clonal response to infection is attributed to well-described trans-and cis-regulatory elements such as transcription factors and gene enhancers, [12] [13] epigenetic mechanisms-such as DNA methylation and histone 1 modifications-are increasingly being recognized as critical components in the specification of distinct T-cell subsets that arise from the clonal response of a naïve T cell activated by its cognate antigen. [14] [15] [16] [17] The basic structure of eukaryotic chromatin is a nucleosome, which is comprised of 146 base pairs (bp) of DNA wrapped around an octomer of four core histones (H2A, H2B, H3, and H4). 18 Post-translational modifications of the amino-terminal tail of histones have previously been shown to alter chromatin structure in lymphocytes and alter gene expression in activated T cells. 14 In particular, it has been observed that trimethylation of lysine 27 on histone H3 (H3K27me3) is associated with gene repression, while H3 K4 trimethylation (H3K4me3) correlates with gene expression in T cells. [14] [15] There remains insufficient information, however, on histone modifications that occur at signature genes associated with memory and effector function during distinct stages of T-cell differentiation, particularly in the recently identified T SCM subset.
In the present analysis, we utilized chromatin immunoprecipitation coupled with massively parallel sequencing to map genome-wide H3K4me3 and H3K27me3 modifications in distinct subsets of CD8
1 T cells-naïve (T N ), memory stem cell (T SCM ), central memory (T CM ), and effector memory (T EM )-to gain insight into the epigenetic regulation of antigen-experienced T cells. Our results show dynamic remodeling of histone architecture after activation of naïve T cells, particularly in promoter regions of signature genes associated with memory and effector function, suggesting that chromatin remodeling seems to play a key role in the coordination of multiple gene expression programs that result in a multiplicity of CD8 1 T-cell subsets. In addition, the findings support a model of CD8 1 T-cell differentiation characterized by progressively increasing permissivity of chromatin at effector-associated genes, and concomitant loss of permissivity at memory-associated genes.
MATERIALS AND METHODS
Mice, cell culture, and isolation of cells C57BL/6J mice were obtained from Jackson Laboratory (Bar Harbor, ME, USA). Animals were housed and cared for in accordance with the guidelines set forth by the National Institutes of Health (NIH) Animal Care and User Committee. Naïve splenic CD8 1 T cells from C57BL/6J mice were isolated by fluorescence-activated cell sorting (FACS) based on CD62L 1 , CD44 2 , and SCA-1 2 phenotype. Central memory (T CM ) and effector memory (T EM ) T cells were generated in vitro with functional anti-CD3 (1 mg/ml) and anti-CD28 (1 mg/ml) antibody in IL-2-containing (100 IU/ml) complete media. T cells were cultured for 5 days and subsequently fluorescence-activated cell sorting (FACS)-sorted based on CD62L and CD44 expression. T memory stem cell (T SCM ) T cells were generated in the same conditions as T CM and T EM with the addition of an inhibitor of GSK-3b (7 mM TWS119 EMD Millipore). T SCM were FACS-sorted based on expression of CD62L, CD44, and SCA-1 as previously described by Gattinoni et al. ChIP-Seq ChIP-Seq assay was performed as described previously. Briefly, 2 3 10 7 T cells (per subset) were treated with MNase to generate approximately 20% dinucleosomes and 80% mononucleosomes. This yielded approximately 100 ng of DNA. Antibodies against H3K4me3 (ab8580, Abcam) and H3K27me3 (07-449, Upstate) were used. The ChIP DNA fragments were bluntended, ligated to Solexa adaptors, and sequenced with the Illumina 1G Genome Analyzer. Chip-Seq data are available in the National Center for Biotechnology Information (NCBI) GEO database under the accession number GSE67881.
Microarray data collection and analysis Total cellular RNA was extracted from T N , T SCM , T CM, and T EM subsets with TRIzol reagent (Invitrogen) according to manufacturer's protocol. Approximately 10 mg of RNA was labeled and hybridized to Mouse Gene 1.0 ST arrays (Affymetrix) according to manufacturer's instructions, and probe-level intensities were called from images using the GeneChip Operating Software (GCOS) v1.1.1 software. The probe intensities stored in CEL files were then background-adjusted, quantile-normalized, and summarized into probeset-level and gene transcript-level expression levels using the RMA algorithm as implemented in the Affymetrix Power Tools' apt-probesetsummarize tool (used with ''-a rma'' option and Affymetrix's MoGene-1_0-st-v1.r4 pgf/clf/qcc/mps files). Two outlier samples revealed by principal component analysis were removed from further analysis. We also excluded gene transcripts flagged with potential cross-hybridization in the transcript annotations file provided by Affymetrix, and those not detected in all four cell types (where a transcript is defined as detected in a cell type if at least half of its exons are detected above background at P , 0.05 in at least half the samples of this cell type (or all samples if only two samples in this cell type), with the detection P computed using apt-probeset-summarize tool with the ''-a dabg'' option). Since the samples were done in three cell preparation batches, we accounted for batch effects 19 by applying a standard adjustment procedure (viz., fitting a linear model of each gene's expression levels across samples to the batch covariate and taking the intercept-added residuals from this fit as the adjusted expression data for further analyses). Microarray data are available in NCBI GEO database under accession number GSE67825.
Clustering and heatmap visualization of expression data
The gene expression heatmaps in this study were based on hierarchical clustering of the genes (and samples) of interest, using Euclidean distance metric and average-linkage agglomeration (as implemented in the R 2.15 statistical environment). Each gene's expression levels across samples were Z-score normalized before hierarchical clustering, and the hierarchical clustering dendrogram reordered using the ''optimal leaf ordering'' algorithm from R package ''seriation'' to improve visualization of the expression patterns. Results of an independent k-means clustering of genes with k 5 4 (as obtained from R's k-means function using default parameters but 25 random restarts) is shown alongside certain heatmaps to identify gene groups with broadly similar expression patterns.
Identification of H3K4me3 and H3K27me3 islands
We followed a previously published approach to analyze histone modification data. 20 Briefly, ChIP-Seq reads of largely 25 bp corresponding to H3K4me3 or H3K27me3 modification levels were obtained with the Solexa Analysis Pipeline. All reads were mapped to the mouse genome (mm8) and reads mapping to multiple places in the genome were removed. We then filtered these genome-mapped reads by retaining only reads that fell in ''islands'' of enriched ChIP signals found by the SICER tool. Note that SICER relies on a clustering approach and Poisson statistics in fixed-size windows along the genome to find gapped windows or islands of enriched signals. We used settings recommended in SICER v1.1 documentation for using SICER without a control library-specifically, we used counts of unique reads falling in 200 bp windows, gapsize of 1 window for H3K4me3 and 3 windows for H3K27me3, fragment size of 150 bp (which corresponds to shifting mapped reads by 75 bp to center them on the fragment), effective fraction of mm8 genome uniquely mappable by 25 bp reads to 0.778, and finally expected false positives or E-value of 500 islands. The SICERfiltered, mapped reads are called modification tags or simply tags in the text.
Quantitative calculation of H3K4me3 and H3K27me3 levels for all genes
In order to quantify the H3K4me3 or H3K27me3 levels of a particular gene region, we normalized the number of tags falling in that region by the library size (total number of modification tags) and the length of the region in kbp (kilo bp). This normalized tag density was calculated for the promoter region (TSS22kbp to TSS12kbp) and the gene body (TSS22kbp to transcription end) of each gene. All our results and figures, unless otherwise specified, use the promoter region density as a gene's normalized tag density. In order to plot the tag density profiles of genes, the same procedure was applied to calculate the normalized tag density in smaller windows defined along a gene body (windows inside a gene body of size 5% of the total transcript length, and surrounding windows of size 1 kbp in the 5 kbp region enclosing the gene transcript). For a gene with multiple transcripts with different TSS or transcription end sites, we calculated the normalized tag density of each transcript and took the largest of them as the modification level of the gene.
RESULTS

H3K4me3 and H3K27me3 histone modifications are enriched in promoter regions and correlate with gene expression in CD8
1 T-cell subsets Although it has previously been shown that histone modification and nucleosome positioning correlate with gene transcription in T cells, 14, 21, 22 we sought to elucidate whether distinct subsets of antigen-experienced T cells display a unique histone architecture that correlates with gene expression. To reveal epigenetic features acquired during CD8
1 T-cell differentiation, we generated global maps of H3K4me3 and H3K27me3 modifications and compared these with global gene expression profiles in four subsets of peripheral
, and effector memory (T EM ; CD62L The distribution of H3K4me3 and H3K27me3 modifications along the body of a typical gene revealed an enrichment of histone modification tags at the transcription start site, sparsely distributed tag density along the gene body, and increased density after the transcription end site (Supplemental Figure 1A and B). Given the enrichment at promoter regions, we quantified histone modification levels of individual genes by computing the normalized density of tags in promoter regions, and correlated it with gene expression levels (mean RMA-normalized intensity of 100 genes that were grouped based on their rank of mRNA expression from highest to lowest). Consistent with earlier studies, we observed that H3K4me3 positively correlates with gene expression ( Figure 1A ) and H3K27me3 negatively correlates with gene expression of antigen-experienced T cells ( Figure 1B) .
Histone modifications at CD8
1 T-cell signature genes As we were particularly interested in activating and repressive histone modifications at gene loci exhibiting distinct expression patterns across the four CD8 1 T-cell subsets under study, we sought to identify signature genes that are differentially expressed (defined using an analysis of variance (ANOVA) test P ,5 0.01 after Benjamini-Hochberg correction for multiple testing; see Supplemental Dataset 1) in at least one of the four cell subsets. A hierarchical cluster analysis of the resulting 5916 signature genes demonstrated that T N and T SCM subsets segregate from their T CM and T EM counterparts (Figure 2A ). In addition, we observed that H3K4me3 broadly correlates with gene expression and H3K27me3 showed a negative correlation with the expression of these signature genes defining the subsets of antigen-experienced CD8 1 T cells ( Figure 2B ). It was striking that gene expression of two-thirds of signature genes were either progressively upregulated (Figure 2A Figure 3B ). Increasingly greater H3K4me3 tag density correlated with gene expression for 31% of 271 genes that were progressively upregulated ( Figure 3A) , while loss of H3K4me3 tag density was consistent with 44% of 77 genes that were progressively downregulated ( Figure 3B) . In similar fashion, loss of H3K27me3 tag density correlated with 22% of 76 genes that were progressively upregulated ( Figure 3A) , while increasing gain of H3K27me3 tag density was consistent with 14% of 36 genes that were progressively downregulated ( Figure 3B ).
Whereas our signature genes distinguish CD8 1 T-cell subsets derived using in vitro cultures, a set of genes that distinguish memory vs. effector CD8
1 T-cell subsets isolated ex vivo after infection with listeria monocytogenes or vesicular stomatitis virus (Lm-OVA or VSV-OVA) has previously been reported by the Immgen Consortium. 23 We found that inspecting the expression data of our T-cell subsets among these Immgen in vivo signature genes (Supplemental Figure 2A) produced a similar clustering of our T-cell subsets as the larger in vitro signature set. The observation that H3K4me3 broadly correlates positively with gene expression and H3K27me3 negatively correlates with gene expression was also repeated in the in vivo signature gene set (Supplemental Figure 2B) and in a number of other previously reported Immgen gene clusters associated with effector cytokines (Supplemental Figure 3) and cell cycle and division (Supplemental Figure 4) of CD8
1 T cells. To further validate our data set, we evaluated genes in our T-cell subsets that were recently reported to either be upregulated or downregulated in memory and effector T cells isolated from C57BL/6J mice infected with influenza A virus. 24 We observed similar gene expression between data sets, particularly among genes that were dynamically regulated in effector T cells (Supplemental Figures 5A and B, 6 ). Taken together, the observed corroboration between our data set and the two published data sets addresses, in part, a major limitation in the present study-the in vitro derivation of T cells.
Histone modification of H3K4me3 and H3K27me3 at memory-associated genes Having observed a global correlation between gene expression and histone methylation, we wanted to next focus our study on canonical genes and enhancer regions associated with T-cell effector function, metabolism, and immunological memory. There is increasing evidence that the Wnt/ b-catenin signaling pathway plays a central role in the generation and maintenance of CD8 1 T-cell memory. [25] [26] [27] Expression of transcription factor 7 (Tcf7) and lymphoid enhancer-binding factor 1 (Lef1) have previously been reported to be highest in naïve and central memory subsets, and substantially downregulated in short-lived effector cells. [25] [26] [27] In the present analysis, naïve T cells showed high levels of H3K4me3 in both the Tcf7 gene body and promoter region, suggesting that chromatin modified by H3K4me3 is competent for transcription and constitutive gene expression in quiescent naïve T cells ( Figure 4A and B). After activation T SCM maintained high H3K4me3 marks similar to their naïve counterparts, but we observed progressively fewer activating H3K4me3 marks in the T CM and T EM subsets, respectively. In addition, the repressive H3K27me3 histone modification was absent in the Tcf7 gene body of naïve and T SCM subsets, but measurably higher in the promoter and 39-untranslated region (UTR) of T CM and T EM subsets. In similar fashion, activating histone marks were observed in the promoter region of Lef1 in naïve and T SCM cells, but the appearance of inhibitory H3K27me3 modifications just proximal to the activating marks were observed in T CM and T EM subsets, suggesting that the chromatin associated with Lef1 becomes progressively less permissive of gene expression with terminal differentiation ( Figure 4A and B). The forkhead O transcription factors (Foxo) have recently been shown to have an essential role in the formation of long-lived memory. [28] [29] [30] Because Foxo1-deficient CD8 1 T cells lose the capacity to expand after secondary infection, 29 we expected that histone modifications at the Foxo1 locus are less permissive of gene expression with progressive differentiation. Indeed, we observed that activating H3K4me3 marks predominate at both the Foxo1 locus, and its target Kruppel-like factor 2 (Klf2), in minimally differentiated naïve and T SCM , but increasingly acquire inhibitory H3K27me3 marks in T CM and T EM subsets ( Figure 4A and B) . Finally, we sought to extend our analysis of histone modifications in select enhancer regions of genes-namely Tcf7 and Klf2-thought to play a particularly important role in the formation of T SCM . [8] [9] In this analysis, we used a previously published data set obtained with P14 CD8
1 effector T cells to evaluate enhancer regions which were identified with H3 monomethylation at lysine 4 (H3K4me1). 31 In these putative enhancers of both Tcf7 and Klf2, we observed a progressive accumulation of repressive H3K27me3 marks ( Figure 5A ) across antigen-experienced subsets that correlated with a reduction of gene expression at these loci ( Figure 5B ). Collectively, these results suggest that H3K4me3 and H3K27me3 modifications are dynamically regulated after antigen activation at canonical loci associated with immunological memory.
Histone modification of H3K4me3 and H3K27me3 at genes associated with effector function
Having shown that gene loci central to the formation of T-cell memory correlate with permissive chromatin modifications in naïve and T SCM , but less extensively in T CM and T EM , we were interested in better elucidating the histone modifications at genes known to be critical for T-cell effector function. Graded expression of T-box transcription factor (Tbx21) has previously been shown to direct the fate of memory and shortlived effector T cells. 13, [32] [33] [34] [35] [36] [37] In our analysis, naïve CD8 1 T cells showed extensive repressive H3K27me3 marks throughout the Tbx21 promoter and gene body, whereas repressive marks were only apparent in the 39-UTR of T SCM ( Figure 6A and B). There were no detectable H3K27me3 modifications in T CM and T EM , but increased H3K4me3 mark at the promoter region. Because previous studies have shown that Tbx21 regulates expression of interferon-gamma (Ifnc), [38] [39] we anticipated that the chromatin would be more permissive of gene expression at the Ifnc loci in T CM and T EM compared to their naïve counterparts. Consistently, naïve and T SCM did not have detectable levels of H3K4me3 histone modifications at this locus. Other canonical effector molecules, namely granzyme B and perforin, were also found to have highly permissive chromatin in the more terminally differentiated subsets as evidenced by high prevalence of activating H3K4me3 marks. Finally, B lymphocyte-induced maturation protein-1 (Blimp-1; encoded by Prdm1) is known to promote terminal differentiation of CD8 1 T cells and is a negative regulator of memory [40] [41] [42] ; accordingly, we observed an increase in activating H3K4me3 modifications in both T CM and T EM compared to naïve and T SCM , along with progressive loss of repressive H3K27me3 histone marks ( Figure 4A and B) . These results suggest that H3K4me3 and H3K27me3 marks are dynamically modified in a manner that correlates with expression of genes central to the effector program of T cells.
Dynamic histone modifications at key metabolic genes Naïve T cells are primarily fueled by energy from oxidative phosphorylation generated by break down of fatty acids, glucose, and amino acids. 43 The metabolic enzyme that controls the rate-limiting step of mitochondrial fatty acid oxidation, carnitine palmitoyltransferase (Cpt1a), accordingly demonstrated marginal alterations in gene expression and histone methylation across all subsets ( Figure 7A and B). After activation, relatively quiescent naïve T cells undergo metabolic reprogramming to prepare for rapid proliferation and cytolytic effector function by rapid induction of aerobic glycolysis. 43 Consistently, we observed enhanced gene expression in key glycolytic enzymes including hexokinase 2 (Hk2) (Figure 7B ), which phosphorylates glucose to produce glucose-6-phosphate, thereby committing glucose to the glycolytic pathway. Because reduced activity of triose phosphate isomerase (Tpi1) can lead to partial inhibition of glycolysis, 44 we evaluated its expression and found that it progressively increased across subsets ( Figure 7B ). Similarly pyruvate kinase (Pkm2)-which catalyzes the last step in glycolysis, and lactate dehydrogenase (Ldha)-which catalyzes interconversion of pyruvate and lactate, also showed progressive upregulation in antigen-experienced subsets ( Figure 7B ). With the exception of Hk2, gene expression in glycolytic-associated enzymes did not correlate with H3K27me3, which was virtually absent at these loci but did seem to associate with increasingly permissive H3K4me3 ( Figure 7A and B). Taken together, these findings suggest that metabolic reprogramming of antigen-experienced T cells is associated with progressive chromatin remodeling that correlates with dynamic gene expression.
DISCUSSION
To better understand epigenetic mechanisms that underlie the ontogeny of peripheral CD8 1 T cells, we have generated genome-wide histone H3 lysine 4 (H3K4me3) and H3 lysine 27 (H3K27me3) trimethylation maps in distinct subsets of antigen-experienced CD8 1 T cells. We show that covalent histone modifications are associated with activation (H3K4me3) and repression (H3K27me3) of gene expression at canonical loci associated with T-cell metabolism, effector function, and memory. Our results also suggest that antigen-experienced CD8 1 T cells undergo chromatin remodeling in a progressive fashion-from naïve and T SCM to T CM and T EM -that may have implications for our understanding of peripheral T-cell ontogeny and the formation of immunological memory.
In response to an infectious challenge, a naïve CD8 1 T cell clonally expands into distinct lineages, which are preserved in subsequent rounds of cell division. 45 The lineages are defined by surface phenotype, metabolism, acquisition of cytolytic function, and the capacity to persist long after an infectious threat has been eradicated (i.e. memory). [46] [47] [48] The predominant model for CD8
1 T-cell differentiation is that naïve cells, upon activation by their cognate antigen, clonally expand and differentiate into cytolytic effector T cells. 45, 49 After clearance of the infection, a small proportion of the effector cells become long-lived memory cells capable of homeostatic proliferation and reactivation with episodic infectious challenges. 1 T cells. 17 Other developmental systems, however, do not seem to exhibit reversible chromatin changes as cells mature through a lineage, but more closely resemble a progressive change in chromatin as cells differentiate from stem cells to progenitors and ultimately to mature somatic cells. [51] [52] In other words, specification of cell fate seems to be accompanied by a discrete transition from a uniquely accessible epigenetic landscape to increasingly restrictive configurations. 52 It may be that the adaptive immune system has uniquely evolved to dynamically open and close its chromatin, but this would seem to be exceptional as developmental specification has typically been observed to progress from dynamic remodeling to generalized compaction of histone architecture.
Another possibility is the ''stem cell model'' of CD8 1 T-cell differentiation in which there is progressive and largely irreversible differentiation, proceeding from naïve T cell R T SCM RT CM R T EM R T EFF . [53] [54] The T SCM stage, being the most minimally differentiated of the antigen-stimulated T cells, 8, 11 essentially retains the developmental potential of a naïve cell, including its capacity for marked clonal expansion and homeostatic proliferation, and can therefore provide a continual source of effector progeny during acute and chronic infections. The chromatin modifications observed in the present analysis also support this view as both the naïve and T SCM subsets were found to have activating histone modifications at memory-associated gene loci (e.g. Tcf7, Lef1, Foxo1, and Klf2) and poorly permissive chromatin at loci associated with effector function (e.g. Prf1, Gzmb, and Ifng), glycolytic metabolism (e.g. Hk2, Ldha, Pkm2, and Tpi1), and terminal differentiation (e.g. Tbx21, Prdm1). The finding that genes associated with glycolysis and effector-function are largely associated with a progressive increase in permissive H3K4me3 modifications-and not a profound loss of repressive H3K27me3 marks-is consistent with the recent findings by Russ et al. in which acquisition of H3K4me3 marks at immune-related effector gene promoters was observed with progressive differentiation into effector cytotoxic T cells. 24 In summary, the present study provides an initial roadmap of the genome-wide histone H3 lysine 4 (H3K4me3) and H3 lysine 27 (H3K27me3) trimethylation modifications that are respectively permissive and antagonistic toward gene expression in distinct stages of CD8 1 T-cell differentiation, including the recently identified T memory stem cell population. Sustained immunity to intracellular pathogens and cancer requires that CD8 1 T cells have the capacity for long-lived persistence and effector function long after their initial exposure to antigen. The molecular mechanisms underpinning the durability of antigen-experienced CD8
1 T cells has largely focused on differential regulation of gene expression by canonical transcription factors that promote immunological memory. By analyzing the genomic landscape of histone modifications in well-defined CD8
1 T cells-naïve, memory stem cell, central memory, and effector memory-this study broadens our view of the mechanisms that dictate the fate of activated T cells to better understand how epigenetic regulation accompanies a transcriptional program that drives and sustains CD8
1 T-cell differentiation.
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